A qualitative comparison is made between laser direct writing and laser ablation as enabling technologies for the structuring of multimode waveguides (50x50µm 2 ) and 45º micro-mirrors into an optical layer. A small demonstrator is fabricated that allows us to couple light vertically from a transmitter into an optical layer and from the optical layer to a receiver. The optical layer, a multifunctional acrylate-based photo-polymer, is applied on an FR4-substrate. Multimode waveguides, that carry signals in the plane of the optical layer, are fabricated by means of laser direct writing, a technology that is available at HWU. The 45° micro-mirrors, that provide out-of-plane coupling, are ablated with the laser ablation set-up available at UGent. This set-up contains a KrF-excimer laser (248nm) that can be tilted, which eases the definition of angled facets. Surface roughness measurements are performed on both the optical layer and the micro-mirrors with a non-contact optical profiler. Loss measurements are performed on both the waveguides and the micro-mirrors.
INTRODUCTION
It is predicted that the increase in microprocessor clock rate will create bandwidth limitations for copper interconnects on printed circuit boards (PCBs) due to signal attenuation, EMI/EMC problems, and crosstalk 1 . Optical interconnections may overcome some of the bandwidth limitation of electrical interconnects on conventional PCBs. In long haul high-speed communication systems, fiber optic links dominate over copper wires due to the superior bandwidth-distance performance of the optical channel. However, as distances become shorter, copper-based interconnects become the dominant solution because they are simpler, cheaper and reliable. Since printed circuit boards will continue to be among the most important components of electronic equipment, compatibility with the standard PCB manufacturing processes is required in order to be able to create a cost-effective solution. As it is not necessary to design all interconnects for high bandwidth transmission, the present electrical interconnection technology will remain sufficient for transporting the majority of signals. Optical interconnects will only be implemented for connections where a high bandwidth is essential for the performance of the system. For this reason, and from an economical point of view, priority should be given to further development of the existing technology rather than developing a completely new one.
The integration of optical interconnections on a board-level, covering distances from a few cm to a couple of m, can be done in a variety of ways. One possible approach that has been studied thoroughly in the past is the integration of optical fibers on a PCB 2 . Optical backplanes based on this solution are commercially available, but are quite expensive and expendable. Another approach that is studied by groups worldwide is the integration of an optical layer in or on a PCB. In this way, an optical PCB is created which is in fact a hybrid optical-electrical board. The optical layer, that contains optical waveguides and possibly also other passive optical structures, may be an alternative for the transmission of high data-rate, high-density signals.
The structuring of the optical layer can be done in a variety of ways: photolithography 3 , embossing 4 , laser direct writing 5 , laser ablation 6 . We will use laser direct writing and laser ablation for the definition of multimode waveguides and 45° micro-mirrors into the optical layer. Both technologies are flexible and allow for rapid prototyping. HWU and UGent build a joint demonstrator that provides vertical in-and out-coupling. The demonstrator contains laser direct written waveguides (HWU) and laser ablated out-of-plane turning mirrors (UGent). In sections 2 and 3, a short description is given of the technologies used for the structuring of the optical layer. Section 4, more details are given on the fabrication of the demonstrator board. In section 5, the results from the measurements on the waveguides and the micro-mirrors are discussed.
LASER DIRECT WRITING
The system, illustrated in Fig. 1(a) , is based on a He-Cd (325 nm) UV-laser and a vertically mounted slotted base-plate which is used to align the polarizing, routing and focusing optics that guide and focus three beams (at normal and ±45º angles) onto a computer controlled XY translation stage. A flat-top intensity profile for the direct writing of the polymer is achieved by placing a ~60 µm square aperture on the axis of the ~1.0 mm diameter TEM 00 Gaussian beam and imaging it onto the polymer using two 80 mm focal length lenses. The size of the aperture chosen depends on the size of the features required and the shrinkage in the polymer as it cures. 3. LASER ABLATION Laser ablation is a flexible technology that can be used for the structuring of a large variety of materials. The technique is compatible with standard PCB manufacturing, and is already used for the laser drilling of micro-vias in high density boards. It is a non-mask based technology that can be used for rapid prototyping, as opposed to mask-based approaches where a mask first has to be designed and produced before the optical layer can be patterned. The ablation set-up, shown in Fig. 2 , available at UGent contains three different laser sources: a KrF excimer (248nm), a frequency tripled Nd-YAG (355nm) and a CO 2 (9.6µm) laser. Because of the availability of the different laser sources, a large variety of materials can be structured such as polymers, ceramics and glass. The excimer laser can be tilted, which eases the definition of angled facets considerably. The sample is during the processing placed on a computer-controlled translation stage, which has an accuracy of 1µm. The three laser sources are available on the same set-up; as a consequence, the sample can stay on the same stage even when different sources are used for the patterning of the material. This approach allows us to achieve high alignment accuracies.
The ablation set-up can be used for the definition of micro-optical elements such as optical waveguides, deflecting optics, refractive lenses and alignment features. This allows for the definition of a complete optical interconnection by means of only one technology 6 . One of the main advantages of ablation with respect to other technologies is the fact that micro-optical elements can be defined on the surface of a heterogeneous opto-electronic module in a very late stage of processing. Ablation is particularly well suited for the structuring of polymer materials because of their excellent UVabsorption behavior and highly non-thermal ablation behavior. In order to achieve ablation, a laser beam is focused on a sample by means of an optical projection system. The photon energy is absorbed in a thin layer of material. As soon as the photon density inside the material exceeds a certain threshold, the photon energy can be used for material decomposition. The decomposition of material occurs through photo-thermal degradation and photo-chemical decomposition. One of these two processes will be dominant, depending on the nature of the laser pulse and the material that is ablated. In case the photon energy is efficiently absorbed in the material, the photo-chemical process will dominate allowing a clean or "cold" ablation. The decomposed material is ejected, forming a plume of ablation products. Non-evaporated particles in this plume will drop back on or close to the ablated area. The deposition of these particles is called debris and is undesired since it increases the surface roughness of the ablated area. The ablation process is schematically presented in Fig. 3 . 
DEMONSTRATOR

Description of the demonstrator
The demonstrator board presented in this paper is fabricated in the framework of NEMO (network of excellence in micro-optics). It consists of an FR4 substrate on which an optical layer is applied. The optical layer contains an undercladding, core and uppercladding layer. The core layer is patterned by means of laser direct writing, and contains three waveguide arrays with each five waveguides. 45° micro-mirrors are laser ablated in the optical layer to provide out-of-plane coupling. This allows us to couple light vertically from a transmitter into the plane of the waveguides and from the plane of the waveguides towards a receiver. The demonstrator allows us to investigate the compatibility of laser direct writing and laser ablation and also to compare components fabricated with both technologies.
Application of the optical layer
A custom-made, multifunctional acrylate photo-polymer is being used for this work. This novel polymer material has been used to make cladded multimode waveguides and angled structures for out-of plane turning mirrors. The thermal properties of the polymer (e.g. T g ~200 ºC) makes it compatible with the flip-chip bonding process. It has low optical losses at 850 nm, and the refractive index and viscosity can be tuned to suit the process requirements. The polymer has good mechanical properties and good adhesion to substrates such as glass, SiO 2, Si, polystyrene and FR4. Further details of the polymer can be found in the reference 5 .
The polymer behaves like a negative photo-resist in that the areas which are exposed to UV become cured and rest of the uncured polymer is washed away in the development process. The liquid photo-polymer is applied to the substrate using spinning, casting, flow coating or doctor blading. Spinning is used to apply the 50 µm thick films of polymer in which features such as waveguide cores and angled surfaces are written. The casting technique is used to deposit the cladding layers and to planarize substrates that contain polymer features. Flow coating and doctor blading are used to apply thicker layers. Large areas of the liquid polymer, such as cladding layers, are cured by placing the sample under a UV lamp in a nitrogen atmosphere. The writing of discrete features such as waveguide cores is achieved using the laser direct-writing system.
Laser direct written optical waveguides
The multimode waveguides are formed by the laser writing of a spun on liquid photo polymer layer. A 50µm thick core layer (n=1.579) is applied on top of a cured lower cladding layer. The HeCd (325nm) laser beam is send through a 60µm square aperture and imaged on the polymer material. The sample is placed on the computer-controlled XY translation stage and moved with respect to the laser beam. This allows a trajectory of material to be exposed by the UV light as the computer-controlled translation stage moves the substrate with a controlled velocity. The relation between the exposure time and the polymer composition has been carefully characterized. After the exposure the unpolymerized monomer solution is washed off using standard solvents. The patterned core layer is overcoated with a layer of cladding material, which has a refractive index of 1.566. In Fig. 4 , some pictures are shown of the laser direct written waveguides. The first to pictures show a cross-section of a waveguide (cross-section 50µm×50µm), the last picture shows a SEM image of the top view of an array of waveguides at a varying pitch. The final demonstrator board contains three arrays of each five laser written waveguides with a length of 15mm on a pitch of 250µm. The waveguide cores are written with an optical power of 50µW at a velocity of 60µm/s.
Laser ablated 45° micro-mirrors
The waveguides that are defined in the optical layer allow us to transport signals in the plane of the waveguides. They carry a signal from a transmitter, for instance a VCSEL, towards a receiver, for instance a photodiode or an optical fiber. In order be able to couple the signal from the transmitter towards the waveguide and from the waveguide towards the receiver, the light beam has to be deflected over an angle of 90°. For this purpose, 45° micro-mirrors are defined in the optical layer to provide out-of-plane coupling. These 45° micro-mirrors are based on the total internal reflection that occurs at the polymer-air interface. The principle is shown in Fig. 5 .
The micro-mirrors are ablated with the KrF excimer laser (248nm) that can be tilted; the sample can thus be placed on the translation stage horizontally during processing. The tilt angle can be manually set to the desired value. The laser beam is send through a rectangular aperture and is projected on the sample with an optical projection system. The micro-mirrors are ablated dynamically, meaning that the translation stage is moved with respect to the laser beam during the ablation. There is always a certain degree of tapering; the amount of tapering depends on the material that is being ablated and the laser source that is being used. The tapering angle can be measured experimentally and corrections can be made by adjusting the tilt angle in the appropriate way. As a consequence, either the negative or the positive facet will show an angle of 45°.
Prior to the definition of the micro-mirrors, both the ablation behavior of the material and the tapering angle has to be determined. The tilt angle that allows for the ablation of both a negative and a positive facet under an angle of 45° is determined. As soon as these properties are known, the 45° micro-mirrors can be ablated with varying operating parameters (pulse energy, frequency, ablating speed). In Fig. 6 , a cross-section and SEM picture is shown of a 45° negative facet.
The waveguide arrays that are defined in the optical layer are not visible with the camera that is available on the ablation set-up. In order to align the micro-mirrors with respect to the waveguide arrays, three alignment marks are placed on the sample. The alignment marks are deposited by evaporating metal on the lower cladding layer and a lift-off process. On a _ H1 core the final demonstrator board, the micro-mirrors are ablated dynamically. The frequency and ablation speed are chosen differently for each waveguide array; this allows us to get an idea of the influence of these parameters on the coupling loss of the micro-mirrors. 
MEASUREMENTS
Surface roughness measurements
Surface roughness measurements are performed on both the optical layer and the ablated facets. The measurements are performed with a non-contact optical profiler available at Free University Brussels (VUB), Brussels.
Optical layer
The FR4 substrate has a relatively rough surface. In order to obtain waveguides in the optical layer with a sufficiently low propagation loss the material has to possess planarization properties. The optical layer has an RMS surface roughness of 261nm on a scan length of 2300µm and an RMS surface roughness of 65nm on a scan length of 1200µm. The results are represented in Fig. 7 and demonstrate the planarization properties of the used polymer material. Figure 7 : the left picture shows the surface roughness of the optical layer on a scan length of 2300µm, the right picture shows the surface roughness on a scan length of 1200µm.
Laser ablated micro-mirrors
The surface roughness of the ablated facets depends quite strongly on the operating parameters of the laser: frequency, pulse energy and ablation speed. Different combinations of operating parameters have been experimentally tested. In 
Loss measurements
The characterization set-up that is used to do the measurements is presented in Fig. 9 . The optical performance of the waveguides and the mirrors is measured at 850nm. The propagation loss of the waveguides is determined by a cut-back technique to be ~0.8dB/cm. The mirror losses are obtained by comparing the output power of a straight waveguide and a straight waveguide terminated with an out-of-plane turning mirror on one side. The mirror losses are measured to be ~1.5dB. In Fig. 10 , some pictures are shown of light coupled into the waveguide horizontally, deflected over 90° at the mirror and coupled out vertically.
The performance of the mirrors can be improved by decreasing the surface roughness of the negative facet. Work on this subject is in progress. As an alternative, the use of the positive facet can be considered. First tests point out that the surface roughness of the positive facet is lower than the one of the negative facet. In order to be able to use the positive facet for out-of-plane coupling, a thin layer of metal is deposited on the positive facet. The principle is shown in Fig. 5 . The 45° positive facet is ablated in the core layer. After the ablation, a thin layer of metal is deposited. The air gap between the positive and negative facet is filled with cladding material when the upper cladding layer is applied. 6. CONCLUSION This paper reports on the use of laser direct writing and laser ablation as enabling technologies for the definition of multimode waveguides and out-of-plane turning mirrors. Surface roughness and loss measurements are performed on the waveguides and the micro-mirrors. The surface roughness of the negative facets is still to be optimized; work in this field is currently in progress. An alternative configuration, that is already being studied, is the use of a metallized positive facet. First tests show that surface roughness of these positive facets is lower than the one of the negative facets. This solution is therefore interesting and will be further investigated in the future.
